DNA-DNA hybridization was used to discover the extent of single-copy DNA similarity among 13 species of herons and one ibis. Genetic distances among taxa were summarized as T, values in a folded matrix. From this matrix, trees with the same branching pattern were constructed by least squares under one of two assumptions: ( 1) that sister branches are equal in length and (2) that sister branches are not necessarily equal in length. The residual sums of squares of these trees were compared by F-test to see whether the branches of the tree built under assumption (2) fit the matrix data significantly better than those of the tree built under assumption (1). By this method the existence of different rates of DNA evolution in different heron lineages was established. Bittern single-copy DNA has evolved at a rate -25% faster, and boat-billed heron (Cochearius) and rufescent tiger heron (Tigrisoma lineatum) DNA has evolved -19% slower, than that of day and night herons. It appears that the differences in rates of DNA evolution may increase proportionally with genealogical distance.
Introduction
Within most taxonomic groups that have been analyzed by DNA hybridization, rates of single-copy DNA evolution have appeared to be constant. This constancy was noted, for example, among birds (see, e.g., Sibley and Ahlquist 1983) , higher primates (see, e.g., Sibley and Ahlquist 1984; Benveniste 1985) , carnivores (O'Brien et al. 1985) , and rodents (see, e.g., Brownell 1983) . However, the occurrence of different rates among different "major" taxonomic groups, such as orders of mammals, has been recognized for more than 15 years by researchers using DNA hybridization (see, e.g., Laird et al. 1969; Kohne et al. 1972; Benveniste and Todaro 1975; Bonner et al. 1980 Bonner et al. , 1981 Brownell 1983; Koop et al. 1986 ).
Because currently used DNA hybridization methods often do not permit direct comparisons of DNAs of higher taxa, the existence of different rates usually has been determined by calculating, on the basis of the age of fossils or geographic events, the percentage of nucleotide change that has occurred within groups and then comparing the rates of nucleotide change among groups. Even taking into account the tenuousness of most fossil records and the longevity of geographical events (e.g., the opening of the South Atlantic Ocean), it is clear that some lineages can differ in single-copy DNA substitution rates by as much as a factor of 10 (B&ten 1986; Catzeflis et al., 1987) .
In a few studies, however, rate differences have been discovered directly by DNA hybridization at lower taxonomic levels, for example, among families of primates 1. Key words: heron phylogeny, rate of DNA evolution, DNA-DNA hybridization, evolutionary rate tests. (Bonner et al. 1980, 198 1) and nonpasserine birds (J. E. Ahlquist and C. G. Sibley, personal communication) . Given the absence of a global clock, it is likely that rates also differ at the generic level. Indeed, discussed an apparent rate difference between human and chimpanzee lineages perceptible in the hominoid DNA hybridization data of Sibley and Ahlquist ( 1984) . Such low-level rate differences are probably common but may be missed in many studies because of DNA hybridization's experimental error and because of the use of improper (or weak) statistical tests. In the case of Sibley and Ahlquist's (1984) study, a large number of hybrid comparisons combined with an unusual amount of statistical scrutiny (see, e.g., Templeton 1985; led to the discovery of possibly different rates, in spite of the close relationship of the taxa concerned.
In this paper, I present another example of intrafamilial rate discrepancy. While attempting to resolve the generic relationships among herons (Aves: Ciconiiformes: Ardeidae) with a large number of hybrid comparisons (Sheldon 1987) , I inadvertently discovered that the three main heron clades evolve at different rates.
Evolutionary Rates and the Construction of Trees
DNA hybridization data can be used for the reconstruction of phylogeny regardless of differences in rates of evolution if ( 1) all lineages are compared, (2) an outgroup is included in the comparisons, and (3) an algorithm that does not assume equal lengths of sister branches is used for clustering. Also, the distances among taxa should be metric (as are those of DNA hybridization), although there is some disagreement about the importance of this point (Fanis 198 1; Felsenstein 1984) .
The reason why DNA hybridization data may be used to reconstruct phylogeny regardless of rate and-incidentally, without the Hennigian branch-formulating concepts of synapomorphy and symplesiomorphy-can be seen with the help of figure 1. The common ancestor of A and B is defined by the base sequences at X. The distance from A to B measured by DNA hybridization equals the sum of the autapomorphous changes in lineages A and B (Bledsoe 1984) . The fact that only autapomorphous changes are measured negates the effects of symplesiomorphy and synapomorphy, which are constants at X. If there is a rate change in, for example, lineage B, that change will be detected by comparisons between A and C and between B and C because the branch lengths XY and YC are constant in those latter measurements. The branching pattern and branch lengths are by-products of the three-way and outgroup comparisons.
The clustering method most appropriate for determining branch length and pattern is least-squares regression. Least squares has good statistical properties. Matrix algebra can assign branch lengths by solving a set of simultaneous equations, and these lengths are the minimum possible by theorem (Felsenstein 1982) . In addition, when measurement error is constant, as it is for DNA hybridization (see Results and Discussion), least squares fits trees to the data particularly well. If error were proportional to genetic distance, the Fitch and Margoliash (1967) method would be a more appropriate fitting approach (Far-i-is 198 1; Felsenstein 1982 Felsenstein , 1984 .
The assumptions of least squares (and the statistical tests discussed below) are (1) that the data are additive and (2) that the distance measures are independent of one another (Felsenstein 1984) . Farris (198 1, 1985) has argued theoretically against the additivity of DNA hybridization data, and Templeton ( 1985) has questioned their independence. However, there are empirical bases for these assumptions. DNA hybrid values, unlike most other kinds of distance measures, are remarkably additive, in part because they are estimates of a large number of base-pair differences rather than exact measurements. DNA hybrid values also appear to be intrinsic measures of single-copy DNA similarity. This property explains why different laboratories have derived the same or similar DNA hybrid-distance measures-for example, among hominoidsdespite differences in technique (Britten 1986 ). The independence of distance measures is jeopardized to some degree by the fact that heteroduplex distance values derived in a single experiment depend on the proper determination of the melting temperature of a homoduplex control. This problem is alleviated by including sample comparisons between species from several different experiments, usually including reciprocals, when determining the average distance value.
Tests of Rates of Evolution
The method most commonly cited for testing rates of evolution is Sarich and Wilson's (1967) relative-rate test. In this test, if the distances from an outgroup to two members of a clade are equal, then the two members of the clade are evolving at the same rate. The relationship among the three lineages is known as ultrametric; that is, it fulfills the inequality
where D = distance and A, B, and C are taxa. One problem with the relative-rate test is that it presupposes the branching order of the taxa being tested. It is useful, therefore, only when the outgroup is unambiguous. A greater problem is that in any good-sized matrix there will be at least several relativerate tests involving members of any single triad of lineages. If experimental error is a significant factor, there may be disagreement among these tests, and it is unknown how many positive (or negative) tests are required for statistical significance. Finally, in a sufficiently large matrix, the number of relative-rate tests may be overwhelming, and it is not practical to calculate them all.
An alternative method for determining whether the assumption of equality in rates among lineages is valid was suggested by Rohlf and Sokal ( 198 1) and Felsenstein (1984) . When a tree is built by least squares, the quality of that tree, in terms of how well it fits the data, is reflected in a statistic, the residual sum of squares (SS). This quantity can be compared between two trees of the same branching pattern by an F-test, if one tree is constructed assuming equality in sister branches (synchronous) and the other is constructed not assuming such equality (asynchronous). These con-struction criteria amount, respectively, to assuming and not assuming constant rates of evolution in all lineages. The F-test comparison is possible because the two trees are built using a different number of parameters (i.e., number of branch lengths) and thus have different numbers of degrees of freedom (df):
where df = (no. of observations)/2 -(no. of branches) and, in general, df [synchronous] = (n* -n)/2 -(n -l), and df[asynchronous] = (n* -n)/2 -(2n -3) (n = no. of species). (When trees multifurcate, i.e., when some of the branch lengths are forced to be zero, df must be increased accordingly.) The null hypothesis of this test is that the increase in SS in the synchronous tree is not significant. (SS is always greater in the synchronous tree because that tree's reduced number of parameters makes it more difficult to fit.) If the null hypothesis is rejected, then the tree that does not assume equal rates of evolution in all branches provides better estimates of branch lengths.
Material and Methods
The biochemical methods used in this study were essentially those of Sibley and Ahlquist ( 198 1) . Detailed procedure is provided in Sheldon ( 1986) .
Approximately 940 DNA hybrids were formed among the 14 species listed in table 1. An effort was made to hybridize the radiolabeled single-copy DNA of each taxon at least five times with driver DNA of each taxon to produce at least 10 hybrids between each pair. However, this was not always possible because some DNAs were received late in the study and others were in short supply. The number of reciprocal comparisons is provided in table 2.
The statistic derived to contrast the homoduplex (control) thermal dissociation distribution with those of heteroduplexes was T,. This value equals the median of the dissociation curve. The T, was calculated in lieu of TSOH, the statistic used by Ahlquist (see, e.g., 1983, 1984) , because the T,'s low variance makes it more effective in determining the branching pattern of closely related taxa (see Results and Discussion).
To calculate T,, the count released at each temperature from 62.5 to 95 C was expressed as a percentage of the total number of counts in that range and a cumulative frequency distribution was constructed. The temperature at which 50% of the counts accumulated (extrapolated by linear regression) was the T,. Delta T, was calculated by subtracting the heteroduplex T, from the homoduplex T,.
Percent hybridization (%H) was calculated for all hybrids as follows: %H = counts from 62.5 to 95 C total counts x 100.
Normalized %H (NPH) was calculated by dividing heteroduplex %H by homoduplex %H and multiplying the result by 100. Approximately 16,000 data were used to calculate T, and NPH values. (These and other heron raw data are available to any person who sends me a self-addressed, stamped package of six formatted IBM-PC disks.)
Following the calculation of genetic distances, the data were examined for consistency. Data manipulation was limited to two forms. If a heteroduplex datum was more than 0.5 degrees C out of the range of the rest of a set of pairwise comparisons, it was trimmed as an outlier. Rarely (namely, in 7 of -940 data) did delta values differ by as much as 0.5 degrees C from the rest of a series of pairwise comparisons, except when there was a mechanical problem, such as an improperly eluting column. A second kind of correction was imposed in 12 of 78 experiments (each experiment comprising from 2 to 25 DNA hybrids). When a homoduplex T, value was unusually high or low, thereby causing the linear displacement of its heteroduplex delta T,'s by the corresponding number of degrees, this homoduplex T, was corrected and its heteroduplex delta values changed accordingly. (In one instance, the heteroduplex values of a labeled PZegadis experiment were increased by a correction factor to bring them into alignment with the heteroduplexes of the other experiments made with that label.) Such alignings were performed only when the recalcitrant homoduplex T, was clearly out of place. Its misplacement was determined (1) by the fact that the homoduplex T, values of all bird DNA hybrids that are properly labeled, prepared, and eluted fall close to 85 C because of the similarity in their AT-GC base-pair ratios (Schildkraut and Lifson 1965) ; (2) by comparing discrepancies among homoduplex replicates contained in the same experiments; and (3) by comparing homoduplex values among different experiments made with the same labeled DNAs. This third criterion was the most important, because, when a single experiment from a set of three or more had a homoduplex T, value out of alignment with the average values of the other experiments made with the same DNA samples and run the same way, the displacement of that homoduplex T, was certain to have had a mechanical, rather than chemical, cause.
Replicate genetic distances for each pairwise comparison were averaged and summarized in a matrix (table 2) . From this matrix, trees were estimated using J. Felsenstein's phylogenetic inference package, PHYLIP. In particular, the programs used were "KITSCH,"
which assumes equality in sister-branch lengths (i.e., a molecular clock), and "FITCH," which does not. The options available on PHYLIP were set so that, in searching through various tree topologies having positive branch lengths, least-squares regression was employed to find a tree with the minimum residual sum of squares.
After trees had been constructed with PHYLIP, the F-test described in Tests of Rates of Evolution (above) was used to compare the residual sums of squares of those trees built under the assumption of a molecular clock (synchronous) and those built without the clock assumption (asynchronous). The results are provided in table 3.
Results and Discussion

Rates of Evolution
The data in table 2 indicate that a nonultrametric relationship exists in the delta T, values among the three main heron clades: the bitterns (Botaurus lentiginosus and Ixobrychus exilis); the "typical" herons (Egretta thula, E. caerulea, Syrigma sibilatrix, Ardea herodias, Casmerodius albus, Bubulcus ibis, Nycticorax nycticorax, N. violaceus, and Butorides striatus); and the tiger (Tigrisoma lineatum) and boat-billed (Cochlearius cochlearius) herons. The average delta T, from the bitterns to the typical herons is 5.8. The average distance from Tigrisoma and Cochlearius to the typical herons is 5.9. If an ultrametric relationship held, the distance between bitterns and TigrisomaCochlearius would be -5.8 or 5.9 f experimental error. Instead, the distance between these taxa is -6.8. This idiosyncrasy is apparent no matter which taxa from the three clades are compared. From these data alone, it is clear that the rate of single-copy DNA evolution probably has changed in at least one of the heron lineages. In fact, at least two of the lineages apparently have changed in rate because outgroup measurements indicate that all three lineages have evolved at different rates. The average distance from the ibis Plegadis falcinellus to typical herons is 10.15; that to bitterns is 10.85; and that to Tigrisoma-Cochlearius is 9.55.
When building trees from these data, no matter what the taxa input order, which taxa are omitted in various trials, or whether the molecular clock is assumed, the resulting branching pattern is essentially that depicted in figures 2 and 3, with minor differences at the node where C. albus, B. ibis, and A. herodias join (to form the "Ardea clade") and at the node where B. striatus, N. nycticorax, N. violaceus, and the Ardea clade come together. However, as anticipated from the matrix data, a substantial difference in branch lengths is found between synchronous and asynchronous trees. This difference is reflected in the reduced residual sum of squares in asynchronous trees. Figure 2 indicates that the bittern lineage has evolved at an average, single-copy genomic rate -25% faster than the typical heron rate and that Cochlearius and Tigrisoma have evolved at an average rate -19% slower than the typical heron rate.
F-tests for the five tree-pair comparisons demonstrate that trees not constrained by the equality in sister-branch assumption provide a significantly better estimate of branch length (table 3) . This is true no matter how the branching pattern is rearranged within the Ardea clade or at the node from which B. striatus, N. nycticorax, N. violaceus, and the Ardea clade emanate. (Multifurcations would be the most appropriate way of depicting the branching at these nodes, because the short branch lengths have NOTE.-The first n value is the number of hybrids made with the vertical taxon labeled, and the second n value is the number of comparisons made with the horizontal taxon labeled. been found to be nonsignificant by t-test [Sheldon 19861 ; however, no multifurcation option is available in PHYLIP.) The dramatic decrease in F-value when either the bittern clade or Tigrisoma-Cochlearius clade is removed indicates that most of the increase in the residual sum of squares can be attributed to rate differences in these two lineages, as indicated by the raw distances. Among the typical herons, most of the branch-length asymmetry can be attributed to the clade composed of E. thula, ' Five subsets of the matrix in table 2 used to derive pairs of trees for F-tests: 1 = the full 14 X 14 matrix; 2 = an 11 X 11 matrix in which Plegadis, Tigrisoma, and Cochlearius were omitted; 3 = an 11 X 11 matrix in which Plegadis, Botaurus, and Ixobrychus were omitted 4 = a 9 X 9 matrix in which only those species that had been compared reciprocally with one another were included; and 5 = a 10 X 10 matrix in which only those species that had been compared reciprocally with Plegadis were included.
b The first number for each matrix under this heading is the residual sum-of-squares value for the tree built under the assumption of constant rates (synchronous tree); the second number is that for the trees not built under this assumption (asynchronous tree). ' df's for the synchronous and asynchronous trees, as determined from the equations in the Tests of Rates of Evolution section.
d The equation for the calculated F-ratio is provided in the Tests of Rates of Evolution section. ' df's for the F-ratio to be used in F-statistic tables. These values, yI and v2, equal (df[synchronous] -df[asynchronous]) and df[asynchronous], respectively. E. caerulea, and Syrigma. Branches within this lineage ( fig. 2 ) average 11% longer than those of other typical herons.
Data Characteristics
For an unknown reason, NPH among closely related organisms often has an unusually large variance (Bledsoe 1984; Sheldon 1986 ; R. B&ten, personal communication). When factored into the measure of genetic distance, as it is for T,R (see, e.g., O'Brien et al. 1985) and TSoH (see, e.g., Sibley and Ahlquist 1981 , 1983 , 1984 , NPH can increase the variance in delta values and obscure the branching pattern of closely related groups. For this reason, Tm was used as the statistic of distance between the genetically similar herons. Tm is simply the median of the cumulative dissociation distribution of those strands that actually (not potentially) form hybrids. Unfortunately, when T, is used, the information of NPH is lost, and this information might negate apparent rate differences if taken into consideration. It is necessary, therefore, to demonstrate that NPH values track Tm values. Table 4 consists of a matrix of average NPH values for the three heron lineages and the outgroup. These values correspond well to the T, values, especially given the well-known vagaries in NPH, and indicate that if factored into the distance measure they would probably exacerbate the rate discrepancy. Similarly, correction factors used to adjust genetic distances for multiple substitutions at base-pair sites (summarized in Li et al. 1985) would increase the rate discrepancy. Delta T, values, therefore, provide a basis for minimum estimates of rate differences. The degree and dispersion of delta-value variance might affect the delimitation of closely related taxa. However, the effect of individual variation on distance values is negligible. For the 14 taxa compared in this study, the average SD for interspecific comparisons when DNAs of more than one individual are used as drivers is 0.21 + 0.12 (n = 112, range = 0.04-0.69). This average is only slightly more than that for interspecific comparisons when only one DNA preparation is used as driver, viz., 0.20 + 0.12 (n = 41, range = 0.04-0.65). In addition, there is no evidence that heron SD increases with an increase in genetic distance (table 5) .
Discrepancies between reciprocal delta T, values are summarized in table 6. Disparity in reciprocal values is an index of experimental quality. For example, the labeled E. caerulea and Syrigma experiments, which have average discrepancies of 0.5 and 0.6, respectively, also have the largest variances, the fewest replicates, and the most outliers of the experimental sets. Their data problems can be attributed to a limited amount of DNA for Syrigma and low incorporation of radioactive label for both taxa. The reason why reciprocal disparity can be attributed to experimental error instead of to unequal genome sizes (as done in the past [Brownell 19831 ) is that there is no theoretical way that genome size differences can affect T,. The number of sequences that can hybridize is governed by the species with the smaller single-copy genome, and this number is the same no matter which of two species is labeled. . . .
2.0-2.9
. . However, when NPH is factored into the distance measure, as for T,OH, differential genome sizes can affect reciprocal values. In any event, when trees are built from matrices that exclude the more reciprocally discrepant heron taxa, rate differences are as apparent as ever.
Causes of Variable Rates of Evolution
With the knowledge that single-copy genomes can evolve at different rates comes the difficulty of accounting for those different rates. If most base changes in DNA are selectively neutral, then differences in rates of evolution would be caused by differences in mutation rates (B&ten 1986) . A number of researchers have suggested that such mutation-rate differences can be explained by differences in generation time (see, e.g., Laird et al. 1969; Kohne et al. 1972; Goodman 1985; Wu and Li 1985) , but there has been strong opposition to this view (see, e.g., Sarich and Wilson 1973; Sarich and Cronin 1977; Wilson et al. 1977; Ahlquist 1983, 1984; Britten 1986 ). Most of the evidence against the effects of generation time has been based on protein data, whereas most of the evidence for generation time has been based on DNA-hybridization or -sequence data. The difference of opinion concerning generation-time effects is largely the result of the fact that selection appears to play a more important role in protein evolution; it slows and steadies the rate of nonsynonymous base-pair changes but has little effect on synonymous mutations and mutations outside of coding regions (see, e.g., Zwiebel et al. 1982; Li et al. 1985; Wu and Li 1985) .
In contrast to this general pattern, a few researchers-for example, Ahlquist (1983, 1984) and Britten (1986) -have based arguments against generation time on DNA evidence. Their conclusions have derived largely from the fact that similar rates of evolution occur among groups with widely divergent generation times (e.g., hominoids and birds). In addition, Sibley and Ahlquist devoted most of their early bird-DNA research to passerine species, which appear relatively constant in their rates of evolution (C. G. Sibley and J. E. Ahlquist, personal communication) . However, the opinions of Sibley and Ahlquist have changed recently, as a result of their shift from the study of passerine birds, which generally breed in their second year, to the study of nonpasserine birds, which vary more dramatically in their breeding ages. Different groups of nonpasserines have been found by Sibley and Ahlquist to differ markedly in evolutionary rate, and these differences have been found to correspond well with differences in generation times (C. G. Sibley and J. E. Ahlquist, personal communication) .
In herons, the small amount of breeding-age information does not indicate conclusively whether rate of evolution is correlated with length of generation. All of the herons mature in a circumscribed time (1-5 years), and some species, such as C. cochlearius and N. nycticorax, though differing in rates of evolution, are believed to breed at the same age (R. Dickerman, personal communication). On the other hand, T. lineatum, which has a relatively slow rate of DNA evolution, is known from zoo specimens to take an unusually long time (5 years) to reach full adult plumage (J. A. H. Rossi, cited in Hancock and Elliott 1978) . Even if more data on generation time were available for herons, adaptive changes in breeding age (e.g., a recent shortening of the Cochlearius life cycle) could effectively obscure a long-term generation-time effect.
The lack of pattern in rates among different groups has led to support of DNA repair mechanisms (Goodman et al. 1984; Goodman 1985; Britten 1986) or molecular drive (see, e.g., Dover 1982) as causes of different rates. However, data exist to suggest that there in fact may be patterns-and that these have been overlooked because few taxa have been examined systematically for them. In addition, patterns have been obscured because widely divergent groups, such as hominoids and birds, with presumed substantially different genome structures influencing their rates, have been used to draw conclusions about patterns (or a lack thereof) (see, e.g., Sibley and Ahlquist 1984; Britten 1986) .
One kind of pattern is implied in the data of this heron study and in the data of various primate studies: rate differences appear to increase approximately with genealogical distance. Among lineages of herons differing from one another by delta T, = 3.0-4.0, differences in rates are on the order of 5%-l 5%, whereas for distances of delta T, = 5.0-7.0, the differences in rates are 19%-25%. Within the hominoids, the genetic distance of delta TsoH = 1 .O-2.0 between humans and chimpanzees corresponds to a 25% difference in rate ) while among the primate families Lemuridae and Lorisidae a distance of delta TsoH = 10.0-20.0 (corrected for multiple hits) corresponds to an 85% difference in rate (Bonner et al. 1980, 198 1) . Such a pattern, though needing more data points for verification, is expected. DNA structure is most similar in closely related organisms, and the effects of factors that cause rate changes should accumulate through time. This is particularly true of the generation effect, but also of repair mechanisms and even molecular drive, which, though acting largely on repetitive DNA sequences, has an eventual effect on single-copy DNA. Therefore, rather than attributing variable rates to one determining factor, it would be best to consider rate differences as the result of a variety of causes that increase in influence over time.
